The simultaneous dual-frequency operation of a resonant photoacoustic gas sensor based on the differential mode excitation photoacoustic (DME-PA) technique is presented. The DME-PA method uses the excitation of two different modes in a resonant photoacoustic cell and the gas concentration is derived from the amplitude ratio of these acoustic modes. With the simultaneous dual-frequency excitation, the amplitude ratio needed by the DME-PA technique is obtained instantaneously, in contrast to the sequential modulation scheme where additional time delays are introduced by changing the modulation frequency. For a given excitation power reaching the photoacoustic cell, and a total acquisition time longer than 7 s, the simultaneous modulation scheme provides an improved measurement uncertainty compared to the sequential scheme. The proposed sensor allows measuring water vapour with a ±150 ppmV uncertainty using current-modulated near-infrared LEDs and a 15 s total acquisition time.
Introduction
Gas sensors based on the photoacoustic effect allow direct measurement of the light absorbed by the sample and thus present high sensitivity and large dynamic range [1] [2] [3] [4] [5] . The photoacoustic effect consists of conversion of absorbed light energy into acoustical waves, which can be detected with a sound pickup device (e.g. a microphone). Different designs [18] . In most known photoacoustic sensing schemes, the absolute values of the microphone signal are measured and used to derive the concentration of the gas of interest ([3] and references therein). Since photoacoustic signals depend on the intensity of the excitation light source, some kind of intensity normalisation schemes (e.g. power meter or reference cells) are required for quantitative measurements. Such normalisation schemes reduce the susceptibility to intensity fluctuations of the light source, but the resulting gas concentration is still sensitive to microphone, power meter as well as electronic noise and drift.
To reduce the complexity associated with the required normalisation scheme, a photoacoustic gas sensor based on a photoacoustic scheme named differential mode excitation photoacoustic (DME-PA) spectroscopy has been proposed [19] . The DME-photoacoustic method is based on the selective excitation of two different modes in a resonant photoacoustic cell and the gas concentration is derived from the amplitude ratio of these acoustic modes. The DME-PA technique also reduces the impact of microphone and electronics drifts on the measured gas concentration. Simultaneous amplitude modulation of a heated black-body infrared light source with two choppers at different frequencies allowed the determination of acetone vapour concentrations without changing the chopper modulation frequency [20] . The simultaneous acquisition of signals at both resonance frequencies with the dual-modulation scheme reduces drifts on the timescale needed to obtain the photoacoustic amplitude ratio.
Based on the DME-PA technique, a gas sensor for water vapour has recently been presented [21] . A currentmodulated near-infrared light emitting diode (LED) was used as excitation source around 1400 nm. In addition to the excellent stability, this sensor is robust since it contains no moving parts. This paper presents a further improvement of the DME-PA-based near-infrared water vapour gas sensor. It uses the current modulation of near-infrared LEDs at two different frequencies simultaneously. This permits to excite both resonant modes of the DME-PA cell simultaneously and thus enables the determination of the amplitude ratio continuously without having to alternate the modulation frequency between the two resonant frequencies of the photoacoustic cell.
Experimental arrangement
The experimental arrangement is depicted in Fig. 1 . The light source consists of an array of 4 InGaAsP near-infrared LEDs (Roithner LaserTechnik, model 1450-03) powered with a current driver (Thorlabs laser diode controller, model LDC500). The emitted light is collected and collimated into a parallel beam (diam. ca. 30 mm) with a glass (BK7) lens. The power of the collimated and modulated beam is ca. 3 mW, the near-infrared emission is centred at 1450 nm with a full width at half maximum (FWHM) of 100 nm. Figure 2 shows the LEDs emission spectrum and the water vapour absorption spectrum within the LEDs emission wavelength range. The forward current applied to the LEDs is modulated either with a single sine waveform or the sum of two sine waveforms having different frequencies. Modulation signals originate from two (respectively one, for the singlefrequency excitation) lock-in amplifiers (Stanford Research Systems, model SR830), which also monitor the resulting photoacoustic signal at their respective modulation frequencies.
The photoacoustic cell consists of three cylinders (Fig. 1) . The near-infrared excitation beam first hits the longest one (length 35 mm, diam. 30 mm). The outer part of the beam does not reach the second tube (length 30 mm, diam. 10 mm) while the rest propagates to the last tube (length 15 mm, diam. 30 mm). Both windows are made of borosilicate glass. An electret microphone (Knowles, model EK-3024) is placed in the middle of the central cylinder. The microphone signal is buffered and pre-amplified before being fed into the two lock-in amplifiers. Both photoacoustic signal amplitudes are then transmitted to a computer where the ratio of the photoacoustic signals at the two modulation frequencies is calculated.
Gaseous water vapour samples with different water content were prepared by continuously bubbling dried air through pure liquid water at T = 293 K. The resulting watercontaining air-flow was then diluted with dried air using a mass-flow controller gas-mixing unit (Sierra, Serie800). Water contents of the generated gas samples are continuously monitored with a humidity meter (Vaisala, model HMI-31) calibrated with a dew point humidity meter (MBW Calibration, model 373L).
Results and discussion
Modulation-frequency scans of the photoacoustic responses for two different water concentrations (i.e. 0%vv and 2.1%vv) using a single excitation frequency (i.e. only one modulation frequency at a time) are presented in Fig. 3 . The pressure in the photoacoustic cell was 980 mbar and the temperature 293 K. Two resonances are clearly visible with maxima at 4450 Hz and 5435 Hz.
